The relationships between magnetic susceptibility and pedogenic development are different in various regions of the world. For example, loess magnetic susceptibility shows a positive correlation with pedogenic development in Chinese Loess Plateau (CLP), while it displays a negative correlation with pedogenesis in Alaska and Siberia. To better understand the relationship between magnetic properties and pedogenic development, detailed sampling of Dashing Rocks loess section at Timaru, South Island, New Zealand, was carried out. Multiproxy magnetic parameters such as magnetic susceptibility, anhysteretic remanent magnetization, magnetic hysteresis loops, M s -T curves and κ-T curves were measured. The results show that the types of magnetic minerals are similar to CLP: magnetite, maghemite, goethite and hematite. However, great differences are found in their concentration: most minerals in the Dashing Rocks section are hard magnetic, such as goethite, the content of paramagnetic minerals is rather high, while the soft-magnetic mineral content is very low. Hard-magnetic and paramagnetic minerals increase with depth, but soft-magnetic minerals decrease with depth, and are absent in the lower part of the profile. Gammate soil structures and Fe/Mn nodules (or pans) are commonly observed in the section, indicating that high susceptibility magnetite and maghemite have been converted to goethite and migrated downward to enrich certain horizons during chemical weathering. This process leads to lower magnetic susceptibility values, possibly related to the source and the transformation of soft-magnetic minerals in a high soil moisture environment. The relationship between magnetic susceptibility and pedogenic development in Dashing Rocks loess section is therefore different from the simple positive and negative relationships in CLP and Siberia, respectively. The more complex relationships between magnetic properties and pedogenic development in New Zealand loess may be related to differing degrees of magnetic mineral transformation at different depths and at different times.
& Zanner 2007; Geiss et al. 2008) , reflecting the formation of ultrafine particles of maghemite/magnetite and hematite under warm humid conditions (Zhou et al. 1990; Liu et al. 1992; Maher et al. 1994; Chen et al. 2005; Hao & Guo 2005) . Based on this widely accepted hypothesis, Orgeira et al. (2011) presented a quantitative model for the climatic dependence of magnetic enhancement in loessic soils. Thus, on the CLP, the content of newly formed minerals has a close linkage with climate and reflects the degree of pedogenic development in the loess. However, the relationships between χ values and pedogenic development are different in other areas. For instance, in Siberia and Alaska, χ values in loess are higher than in palaeosols (Begét et al. 1989; Chlachula et al. 1998; Lagroix & Banerjee 2002 , 2004 Zhu et al. 2003; Kravchinsky et al. 2008) . Two major hypotheses have been proposed to explain this magnetic depletion mechanism in palaeosols: one is 'wind vigor', and the other is 'gleying'. The 'wind vigor' mechanism can be explained by the strong activity of winds during glacial periods, which can transport and deposit more and heavier magnetic particles (Begét et al. 1989; Chlachula et al. 1998; Matasova et al. 2001; Zhu et al. 2003; Kravchinsky et al. 2008) ; and is supported by wind tunnel experiments (Begét et al. 1990 ). In contrast, other investigators believe that chemical weathering, in particular pedogenic 'gleying', plays an important role in Siberia and Alaska, which results in a decrease of magnetic minerals (Maher 1998; Evans & Heller 2001; Liu et al. 2007 Liu et al. , 2008 . The phenomenon that strong pedogenic development can weaken χ was also detected in other areas (Bidegain et al. 2005 , Bidegain & Rico 2012 Ma et al. 2012) . Furthermore, in other studies, the relationships between loess χ and climate state are more complicated: either unclear or were not observed (Pillans & Wright 1990; Sun & Liu 2000; Carter-Stiglitz et al. 2006; Heil et al. 2010) . Therefore, loess magnetic properties are different in different regions, indicating that the application of χ has its limitations, and this makes the effectiveness of χ as a palaeoclimatic indicator complex. So only when we fully understand the mechanisms that control χ , can we better understand its real significance in relation to palaeoenvironmental changes.
New Zealand is a group of islands located at mid-latitudes in the Southern Hemisphere, the two main islands being the South Island and North Island. The climate is temperate maritime, and the annual precipitation is generally high. Loess is widely distributed in New Zealand, with loess deposits thicker than 1 m accounting for about 15 per cent of the island area (Bruce et al. 1973; McCraw 1975) . In recent years, the study of loess magnetic properties has been mainly concentrated in the Northern Hemisphere, but very few in the Southern Hemisphere. The extensive distributed loess in New Zealand therefore provides a valuable archive for loess study in the Southern Hemisphere. This study is based on the magnetic properties of loess from New Zealand, in order to explore the similarities and differences of magnetic susceptibility change mechanisms between the two hemispheres, and try to get a more comprehensive understanding of global mechanisms.
M AT E R I A L S A N D M E T H O D S
The study profile is near the city of Timaru, in the South Island of New Zealand, at a site called Dashing Rocks (Fig. 1) . The modern annual rainfall is 550 mm, and the annual temperature is about 11
• C . The total thickness of the profile is 8 m or so, including the present soil layer, three palaeosol layers and four loess layers. For details, see Tonkin et al. (1974) . The uppermost five samples were taken at 10 cm intervals, while others were sampled at 20 cm intervals, and 42 samples were collected in all. In addition, 24 topsoil samples from other South Island locations (with a thickness of at least 40 cm of loess-see Fig. 1 for locations) and samples from Xifeng S5 (CLP) were also collected for comparison. The samples were dried naturally indoors, then gently ground to disaggregate the grains. The samples were then packed into small nonmagnetic plastic boxes (10 cm 3 ) before measurement. Magnetic susceptibility (χ lf , χ hf ) was measured with a Bartington MS2 meter (0.47∼4.7 kHz) and then determined by mass normalization method. Frequency-dependent susceptibility (χ fd per cent) was calculated: χ fd (per cent) = ((χ lf − χ hf )/χ lf ) × 100. Anhysteretic remanent magnetization (ARM) was measured using a Minispin Magnetometer after demagnetization with a DTECH alternating field (AF) demagnetizer. The peak AF used was 100 mT and the DC bias field was 0.1 mT. Isothermal remanent magnetization (IRM) and saturated isothermal remanent magnetization SIRM (IRM 1T) were acquired by using a MMPM10 pulse magnetizer and Molspin Minispin magnetometer. The backfield remagnetization of SIRM was carried out using reverse fields at 10 mT steps and remanence coercivity (H cr ) was calculated using linear interpolation. Thermomagnetic curves and magnetic hysteresis loops were measured with a variable field translation balance (VFTB); the thermomagnetic curves were completed in air, then hysteresis loops were corrected for paramagnetic contributions. Hysteresis parameters, including saturation magnetization (M s ), remanent saturation magnetization (M rs ) and coercivity (B c ) were determined from corrected loops. Magnetic susceptibility versus temperature curves (κ-T) were obtained from room temperature to 700
• C and back to room temperature using a KLY 3 Kappa bridge with a CS-3 high-temperature furnace in an argon atmosphere. Grain size was measured using a Mastersizer 2000 laser particle size analyzer. The content of calcium carbonate (CaCO 3 ) was determined by the gasmetric method: weighed suitable samples and standard pure calcium carbonate samples were reacted with HCl and the volumes of generated CO 2 were measured. The content of CaCO 3 was then calculated as follows:
where m standard and m sample are the mass of standard pure calcium carbonate and loess samples, respectively, V standard and V sample are the volumes of CO 2 generated by standard pure calcium carbonate and loess samples, respectively.
The raw data were analyzed using Microsoft Office Excel 2007. All the measurements above were completed in the Key Laboratory of West China's Environmental Systems, Ministry of Education, Lanzhou University.
S T R AT I G R A P H I C C H A R A C T E R I S T I C S
According to the stratigraphic classification used by Tonkin et al. (1974) , Dashing Rocks profile can be divided into four layers, called Loess Member 1, Loess Member 2, Loess Member 3 and Loess Member 4, respectively (see Fig. 2 ), and these four layers are collectively called 'Dashing Rocks Formation'. Each loess member has two broad components: an upper unit with clay loam to silty clay loam texture, blocky structure, colour mottling and fine Fe/Mn concretions, and a lower unit characterized by silty loam texture and a very dense, coarse prismatic structure (fragipan) with a prominent polygonal pattern of vertical veins. While acknowledging that both upper and lower parts have been affected by pedogenic processes, for simplicity we refer to the upper parts as palaeosol or soil layers and the lower parts as loess layers.
Just south of Timaru, where the loess thickness is greater, Tonkin et al. (1974) and Runge et al. (1974) described a series of large diameter borehole cores (Darling Holes) through the loess and showed the occurrence of two older loess layers, which they named Loess Member 5 and Loess Member 6. Berger et al. (2001) carried out a systematic chronological study of loess in the Timaru region, which is summarized here:
(1) A widespread volcanic ash layer (Kawakawa Tephra) at a depth of 1.1 m in Loess Member 1 has a radiocarbon age of c. 25 ka (Vandergoes et al. 2013) .
(2) The basal part of Loess Member 1 yielded a thermoluminescence (TL) age of 63.5 ± 6.9 ka.
(3) Peat at the base of Loess Member 1 has a radiocarbon age of >50 ka and a pollen content consistent with a last interglacial age, c, 120 ka.
(4) TL ages of 155 ± 19 ka and 162 ± 31 ka were obtained from the upper and lower parts, respectively, of Loess Member 2.
All the loess sections studied by Tonkin et al. (1974) , Runge et al. (1974) and Berger et al. (2001) are in close proximity and individual loess members can be confidently correlated between sections. Accordingly, in Fig. 2 , we summarize the stratigraphy and chronology of Timaru loess sections, and show a tentative correlation between loess stratigraphy and marine isotope stages (MIS), noting the striking similarity between total phosphorus content of the loess ) and the MIS record, with palaeosols characterized by decreasing P content with depth and the basal parts of loess members having high P as a result of preferential loss and leaching of P during pedogenesis. We, therefore, estimate that the bottom of Dashing Rocks profile is not older than 400 ka. The age of the basalt under loess deposits is K/Ar dated at 2.47 Ma (Mathews & Curtis 1966) , equivalent to 2.54 Ma based on revised decay constants (Dalrymple 1979) . Tonkin et al. (1974) , c is from Runge et al. (1974) , d is from Imbrie et al. (1984) .
R E S U LT S

Conventional magnetic and nonmagnetic parameters
The overall χ lf values in Dashing Rocks profile are low (Fig. 3a) , varying between a maximum value of 12.13 × 10 −8 m 3 kg −1 and a minimum of 5.82 × 10 −8 m 3 kg −1 , which is far lower than that of Xifeng profile (Fig. 3g) , and indicating that the content of magnetic minerals in Dashing Rocks samples is very low. Furthermore, the variations of χ lf have an unclear relationship with the degree of pedogenic development (strength): except for the first palaeosol layer and the second loess layer, which have magnetic susceptibility peaks, the χ lf values of other layers are similar. χ fd per cent fluctuates irregularly from 5 to 12 per cent, and has no relationship with χ lf or pedogenic strength, probably because at such low χ lf values, χ fd per cent has lost its climatic significance (Dearing et al. 1996; Hu 1998) .
ARM is mainly carried by single domain (SD) and pseudo single domain (PSD) magnetic particles, so ARM can reflect the content of 
Magnetic hysteresis loops and thermomagnetic curves
Magnetic hysteresis loops contain a wealth of information, such as saturated magnetization (M s ), saturated isothermal remnant magnetization (M rs ), coercivity (H c ) and remnant coercivity (H cr ), and can be used to identify whether the magnetic mineralogy is soft or hard, and even the size of magnetic particles. Thermomagnetic (M s -t) curves can be used to determine the Curie temperature (T c ), and because different minerals have different T c , so we can distinguish the types of magnetic minerals. The M s (t) curves were completed in air. The measured samples, from Dashing Rocks section, are 38NZ7 (loess sample, depth = 0.8 m), 38NZ15 (palaeosol sample, depth = 2.4 m), 38NZ22 (loess sample, depth = 3.8 m), 38NZ27 (palaeosol sample, depth = 4.8m), 38NZ34 (loess sample, depth = 6.2 m), 38NZ37 (loess sample, depth = 6.8 m). All magnetic hysteresis loops show that most magnetic minerals are paramagnetic or hard magnetic (Fig. 4) . Although the loops were closed under 300 mT, indicating the existence of soft-magnetic minerals, the linear increasing trend above 300 mT (occupying the main part of the loops), suggests that there are more paramagnetic or hardmagnetic minerals. Samples 7, 15, 22 and 27 are from the upper part of the profile: their magnetic hysteresis loops show the same shape, and there are indications of soft-magnetic minerals, but in the lower part, such as sample 34, the signal of soft-magnetic minerals is very weak, while in the deepest sample (38NZ37), the signal has almost disappeared. Although hard-magnetic minerals are dominant, magnetic hysteresis loops (Fig. 4, 7→15→22→27→34→37) show that the content of soft-magnetic minerals slightly reduces while the content of hard-magnetic minerals increases with depth. As a result, at the bottom of the profile, the content of soft-magnetic minerals is extremely low.
The corrected hysteresis loops in Fig. 5 show that the loops of the upper four samples (7, 15, 22 and 27) are characteristic of soft-magnetic minerals, their H c values are low and they have higher M s values. While the loops of the lower two samples (34, 37) show obvious differences: their curves are characteristically waspwaisted, indicating that the ratio of soft-to hard-magnetic minerals reaches a certain range (Roberts et al. 1995; Tauxe et al. 1996) , especially in sample no. 37. In addition, these two samples have higher H c values and lower M s values, a change that has a broad similarity with χ lf , with χ lf values in the upper part being generally higher than in the lower part. The boundary between the upper and lower parts is about 5 m. These clear changes in hysteresis loops also suggest that the ratio of soft-to hard-magnetic minerals varies with depth, i.e. in the lower part of the profile, soft-magnetic minerals are reduced while hard-magnetic minerals increase.
In Fig. 6 , the M s (t) curves, and the corresponding magnetic hysteresis loops in Figs 4 and 5, belong to the same samples. In order to prevent the signal of paramagnetic minerals from masking the soft-and hard-magnetic minerals, all M s (t) curves have been corrected by subtracting the paramagnetic signal. Heating curves of all samples show turning points at 120 and 670
• C. The turning point at 120
• C is generally explained by the dehydration of goethite (Vander 1951) , while 670
• C is close to the Neel temperature of hematite. However, most of the hematite is likely to be the end product of goethite thermal decomposition, because before heating the sample colour was yellow to slightly green, while after heating the colour is red, consistent with formation of hematite in the heating process. M s (t) curves of the upper samples (7, 15, 22 and 27) also have a turning point at 580
• C, implying the presence of magnetite. However, in the lower two samples (34 and 37), there is no magnetite signal, but the singals of goethite and hematite have been enhanced. So, the closed hysteresis loops under 300 mT are mainly caused by magnetite. These changes of M s (t) curves are consistent with the magnetic hysteresis loop: as depth increases, soft-magnetic minerals are reduced and dissolved while paramagnetic or hard-magnetic minerals increase.
Most samples that have been reported from CLP contain maghemite, which is usually thermally unstable (Liu et al. 1985; Liu et al. 1999) and M s (t) curves from CLP are always irreversible, marked by the partial loss of magnetization. Liu et al. (1999) used the difference of magnetization ( M s ) before and after heating to describe the content of maghemite: M s increases with the enhancement of pedogenesis (increase of χ lf ) in Luochuan profile, indicating that there is a close relationship between the increases of maghemite and the pedogenesis process. However, in Dashing Rocks profile, some samples display heating curves that are below their cooling curves ( Fig. 6 ; no. 7, 34 and 37), possibly because some weak magnetic or paramagnetic minerals were transformed to strong magnetic minerals resulting in the enhancement of magnetization after heating (Zhu et al. 2001) , while samples no. 22, 27 display cooling curves below their heating curves, and sample no. 15 shows that M s before and after heating is almost zero. So in Dashing Rocks profile there is no relationship between M s and χ lf . Furthermore, there is no typical Tc of maghemite in most samples (Fig. 6 ), indicating that there is little or no maghemite. We, therefore, conclude that there are significant differences in the magnetic mineral composition between Dashing Rocks and CLP.
As Fig. 6 shows, goethite decay can be clearly seen in the M s -T curves after paramagnetic correction. Thus, soft-magnetic minerals (such as magnetite) have an insignificant influence on magnetization between room temperature and 120
• C, and they can be ignored. So in order to semiquantify the goethite content, we express the goethite component as a percentage of the total magnetic component as:
where M s−room and M s−120 represent the magnetization at room temperature and 120
• C in M s -T heating curves, respectively, and we obtain a good inverse correlation between M s (per cent) and susceptibility (Fig. 7) . This implies that as susceptibility decreases, the goethite contributes an incremental fraction of the magnetic component. This is consistent with the magnetic hysteresis loops and M s -T curves: the decrease of χ lf is due to the decrease of softmagnetic minerals (magnetite) and the increase of hard-magnetic minerals (goethite).
Magnetic susceptibility versus temperature (κ-T) curves
Compared with M s -T curves, κ-T curves are affected by magnetic mineral type and particle size at the same time, so κ-T curves are more sensitive to slight changes of magnetic minerals during the heating process ). All κ-T curves, shown in Fig. 8 , are for the same samples as the M s -T curves. Obviously, the curves of samples 7, 15 and 27 have a similar shape: the heating curve has a peak between 500 and -600
• C, indicating the production of strong magnetic minerals, and the T c of 580
• C in heating and cooling curves suggests the presence of magnetite. In addition, there is a turning point near 500
• C in the cooling curve, a phenomenon that was also reported by Minyuk et al. (2011) , but they did not give any explanation. Whether this turning point is the Curie point of a new mineral, or in part reflects a Hopkinson peak needs further confirmation. χ lf values steadily decline in the cooling curve from 400
• C to room temperature. This is caused by the slowing down of particle vibration as the temperature decreases, and makes the relaxation time increase so that SP particles change to SD particles, leading to lower χ lf . The κ-T curves of samples 22, 34 and 37 are similar: strong magnetic minerals were also generated during heating, but there is no turning point near 500
• C except for the T c of 580
• C. What is more, χ lf values steadily increase from 580 • C to room temperature. 
D I S C U S S I O N
The above magnetic parameters suggest that the types of magnetic minerals in the Dashing Rocks loess profile are similar to those in CLP, but they are present in different proportions: in CLP, magnetic minerals are mainly soft-magnetic (such as magnetite and maghemite) and the content of hard-magnetic minerals (such as hematite, goethite) is very low. In contrast, in Dashing Rocks profile, the dominant minerals are hard and paramagnetic, whereas soft-magnetic minerals are minor, and only occur in the upper part. The content of magnetic minerals in Dashing Rocks is also far lower than that in CLP.
Reasons for low χ lf
Generally speaking, the χ of all loess-palaeosol sequences can be divided into two parts: primary and secondary. The primary part relates to source minerals, while the secondary part relates to the degree of pedogenic modification after deposition. The overall χ lf value in Dashing Rocks profile is low (Fig. 3a) -the maximum value is 12.13 × 10 −8 m 3 kg −1 and the minimum is 5.82 × 10 −8 m 3 kg −1 , which is far lower than that of Xifeng profile (Fig. 3g) , with a maximum value for palaeosols of 256 × 10 −8 m 3 kg −1 and a minimum for loess of 30 × 10 −8 m 3 kg −1 . In CLP, χ lf has a close relation with annual rainfall, so χ lf enhancement is interpreted to represent the formation of ultrafine particles of maghemite/magnetite and hematite under suitable moisture and temperature conditions (Zhou et al. 1990; Liu et al. 1992; Maher et al. 1994; Chen et al. 2005; Hao & Guo 2005) . However, the relationship between χ lf and annual rainfall is not always positive-if rainfall is too high, effective soil moisture becomes excessive, which can lead to the dissolution and transformation of magnetic minerals, and therefore χ lf will decrease with increasing of rainfall (Liu et al. 2007; Ma et al. 2012) . For example, the annual rainfall of Mackenzie's Waterholes Creek (MWC) loess profile in Australia is 924.2 mm, and under these conditions magnetic minerals have been dissolved and transformed (Ma et al. 2012) . Despite the fact that mean annual rainfall at Dashing Rocks being only 550 mm, with a mean annual temperature of 11
• C, Fe/Mn nodules are common throughout the section, indicating that it experienced significant chemical weathering of Fe-bearing minerals.
The content of CaCO 3 in all samples is near zero (Fig. 3e) , which also indicates strong profile leaching. Xia et al. (1993) measured various oxide ratios of loess deposits in the South Island, and their results also showed that the leaching and movement of elements is stronger than that in CLP. Therefore, profile leaching may explain dissolution of Fe oxides (such as magnetite and maghemite) to goethite and explain the low χ lf at Dashing Rocks, despite the low mean annual rainfall of 550 mm. This can be confirmed by Fig. 7 , which shows that χ lf has a negative relation with the contribution of goethite, suggesting that the more magnetite transformed to goethite, the lower is the χ lf .
Concerning source minerals, if the χ lf of loess source material is very low, then it will favour low χ lf in resultant loess deposits. The χ lf values of top soils we sampled in South Island have a mean χ lf of 19.65 × 10 −8 m 3 kg −1 , and only five samples are more than 20 × 10 −8 m 3 kg −1 (Table 1) and they are far lower than those of top soils in CLP (Xia et al. 2012) . The source of Chinese loess is controversial- An et al. (2000) considered that the northern deserts, especially the Gobi, have been the major loess source, and Sun et al. (2008) concluded that the far-travelled dust derived mainly from the Gobi Desert and the Badain Juran and Tengger Deserts. On the other hand, Maher et al. (2009) suggest that the source areas for the loess encompass a much larger area than any one proximal desert region. Nevertheless, the environment of the Chinese loess source is arid and oxidative, so the magnetic minerals are mainly composed of Fe oxides such as magnetite, maghemite and hematite, and weathering processes are dominated at The Australian National University on December 20, 2013 http://gji.oxfordjournals.org/ Downloaded from by physical weathering. In contrast, the Dashing Rocks loess is proximal aeolian-dust from fluvio-glacial outwash plains, alluvial plains or beaches (Xia et al. 1993) , and the environment is more humid, so Fe oxides are more likely to be dissolved or transformed to Fe hydroxide (such as goethite, limonite). Although the top soil will undergo pedogenic transformations after deposition (in details, see Section 5.2), the evident differences between Chinese topsoil and New Zealand topsoil suggest that different sources maybe an important reason for low χ lf in the Dashing Rocks profile. Florindo et al. (2003) conducted a survey of magnetic susceptibility and pore water geochemical data from Ocean Drilling Program sites, and found that there was a linkage between high dissolved silica concentrations and low magnetic susceptibilities. They suggest that this observed linkage also holds for environments with low biogenic silica productivity but with high interstitial silica concentrations due to dissolution of silicic volcanic ashes. Though volcanic ashes are distributed widely in New Zealand (e.g. including one ash layer in the Darling Holes 5 section in Fig. 2) , there was no trace in our samples. We, therefore, conclude that the influence of high dissolved silica concentrations on low χ lf , caused by volcanic ashes, may not be significant in our study.
Climatic significance
In a comparative study between χ lf and degree of soil development since S5 from Luochuan, Xifeng and Baoji, as well as the study of different kinds of magnetic minerals in loess/palaeosol sequences in Alaska and Siberia, Liu et al. (1999 Liu et al. ( , 2007 concluded that there was a pedogenic climatic threshold relating to excessive soil moisture (waterlogging) that makes Fe oxides such as magnetite and maghemite unstable and transform to goethite/limonite (which are stable in excessively humid environments), leading to reduction in χ lf . In Luochuan and Xifeng sections, χ lf reaches highest values in S5 and S1, corresponding to the strongest and the second strongest pedogenic soil layers, respectively. In Baoji, while there is more annual rainfall than in Luochuan and Xifeng, and while S5 is also the strongest pedogenic soil layer, its χ lf is not only the lowest of the younger five palaeosol layers but also it is lower than at the other two sites (Liu et al. 2001) . According to these studies, Liu et al. (1999 Liu et al. ( , 2007 proposed an ideal model to explain this phenomenon: χ lf of loess and palaeosols all over the world can be divided into two parts: primary and secondary. But in different regions, in different profiles or at different times, the relative importance of these two parts is different. In the primary part, magnetite and maghemite make a significant contribution to χ lf , but their content will increase or decrease during pedogenesis depending on local climatic conditions. If pedogenesis occurs in a suitable dry and oxidizing environment, then it will benefit the formation and conservation of magnetite and maghemite leading to an increase in χ lf . This situation is typical of most parts of China, Tajikistan, Serbia and Romania. However, if pedogenesis occurs in an excessively moist environment, primary magnetite and maghemite may be transformed to Fe hydroxides, such as goethite/limonite, and χ lf values will decrease. This model has been confirmed as a mechanism for reducing χ lf values in Siberia (Liu et al. 2007) and Australia (Ma et al. 2012) .
In Dashing Rocks profile, the content of soft-magnetic minerals, showed by magnetic hysteresis loops, is very low, and it decreases with increasing depth (Figs 4 and 5) . M s -T curves also show that the contents of magnetite and maghemite are low, and even absent in the lower part of the profile; the main magnetic mineral is goethite. This phenomenon is very similar to that in the MWC profile, in Australia (Ma et al. 2012) : from top to bottom, the ratio of soft/hard-magnetic minerals gradually decreases (as the magnetic hysteresis loops from different depths show in Figs 4 and 5) , related to the increase in soil moisture causing the residual Fe oxides (such as magnetite) to be transformed to Fe hydroxides (such as goethite, see Figs 6 and 7).
If we consider the Dashing Rocks profile and MWC profile together, the highest χ lf value is 47 × 10 −8 m 3 kg −1 and the minimum is 16 × 10 −8 m 3 kg −1 in MWC (Ma et al. 2012) , which is higher than that in Dashing Rocks. The magnetic parameters in MWC can be also divided into two parts: χ lf and χ fd per cent are higher in upper part than in the lower part, and H cr is relatively low in the upper part. Ma et al. (2012) suggested that the lower part experienced a stronger pedogenesis. Fig. 9 shows the M s -T curve and magnetic hysteresis loop of a sample from the lower part of MWC profile and there is still a soft-magnetic signal in hysteresis loop. After paramagnetic correction, the presence of magnetite is also indicated by the M s -T curve. However, in Dashing Rocks, the maximum χ lf is lower than the minimum χ lf in MWC, and soft-magnetic minerals only occur in the upper part (Figs 4-6) , indicating that the transformation of soft-magnetic minerals in Dashing Rocks is greater than in MWC. There may be two reasons for the difference: (1) the content of soft-magnetic minerals in the source minerals may be low, even if the strength of transformation after deposition is not very strong; and (2) related to local environmental factors, such as higher soil moisture in the Dashing Rocks profile, resulting in an increase in Fe hydroxides.
From Fig. 3 , we know that the variation of χ lf has no clear relationship with pedogenic strength in Dashing Rocks profile: except for the first palaeosol layer and the second loess layer that have χ lf peaks, the χ lf values of other layers are similar. Besides, there is also no relation between median grainsize and χ lf /pedogenic strength, implying that in the relatively cooler and drier period of loess deposition, stronger winds did not transport coarser particles, so χ lf and median grainsize cannot be used to distinguish loess and palaeosols. This situation is different from that of CLP and Siberia. Though annual precipitation is low, soil moisture levels in Siberia may be high because of low temperatures and low evaporation rates. Furthermore, the subsoil is frozen, which prevents deep percolation of soil water and promotes waterlogging of the overlying soil, so the transformation of magnetic minerals occurs in the soils, while original magnetic components, with higher χ lf are retained in the underlying loess.
However, in Dashing Rocks profile, there are fragipans and vertical gley veins (gammate structure) throughout the whole section (Tonkin et al. 1974; Xia et al. 1993) , suggesting that it experienced a combination of vertical leaching and gleying, the effects of which were not only limited to the palaeosol layers, but also affected most loess layers. Furthermore, from Table 1 , we know that the content of soft-magnetic minerals is very low in New Zealand source materials, and the original soft-magnetic components in loess were also further reduced by vertical leaching and gleying, just as in the palaeosols. This process makes χ lf lower and χ lf values of most layers similar. Thus, χ lf loses its effectiveness as an indicator to distinguish loess and palaeosol layers. The uppermost soil layer is still in the accumulation period and the time over which it experienced magnetic minerals transformation is relatively short. Furthermore, it has good permeability, promoted by organic matter content, so it still retains some soft-magnetic minerals (such as magnetite) that cause the peak of χ lf . The second loess layer is thick and porous, it also has a good permeability, moreover, there is blocky clay loam in the top of Loess Member 2, and this can prevent deep percolation of rainfall, so the original soft-magnetic component has been partly preserved and results in a peak of χ lf . However, although the third loess layer is the thickest, due to its prismatic fragipan structure, it has undergone strong vertical leaching, causing soft-magnetic minerals to be dissolved completely and there is no χ lf peak. This can be confirmed from Figs 4-6: sample 22, from the second loess layer, has a soft-magnetic mineral content (indicated by hysteresis loops) which is higher than in samples 34 and 37 from the third loess layer. In addition, there is still a magnetite signal in sample 22 (Fig. 6 ), but no imprint exists in samples 34 and 37. Therefore, the strength of transformation after deposition has affected the χ lf values.
C O N C L U S I O N S
(1) Based on an overall consideration of various magnetic parameters, the types of magnetic minerals in Dashing Rocks section are similar to those in CLP, but different in their proportions: The primary minerals are dominated by hard (goethite) and paramagnetic minerals, whereas soft-magnetic minerals (magnetite, maghemite) are very low.
(2) There are two reasons that cause χ lf to be very low: (1) the χ lf value of source material is low, and (2) magnetic mineral transformation during and after deposition is promoted by excessive moisture.
(3) In summary, high-effective soil moisture in Dashing Rocks profile has caused different layers to experience varying degrees of magnetic mineral transformation, and this is the main reason for the lack of correlation between χ lf and pedogenic strength. Thus, for most loess layers, despite the climate during deposition being relatively arid, strong vertical leaching and gleying after deposition caused the original strong magnetic minerals to be largely dissolved or transformed, so χ lf values of most loess and palaeosol layers are similar. The appearance of two χ lf peaks can be attributed to the relatively weak strength of magnetic mineral transformation at those levels. Therefore, χ lf has a complicated relationship with pedogenic environment, and we should be very careful when using it to infer past environmental changes.
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